Multi-terminal high voltage dc (HVdc) grids can eventually became a feasible solution to transport energy to remote and/ or distant areas and its exploitation depend, among other things, on the performance of the converter terminals. Therefore, to optimize the power transmission strategy along such a grid, it is necessary to recognize the efficiency of all the converters in all points of operation, namely with the different load conditions. In this vision, the aim of this work is to provide the methodology to model the modular multilevel converter (MMC) efficiency by means of a mathematical expression that can describe, over a broad range of active and reactive power flow combinations, the power losses generated by the semiconductors. According to the presented methodology, a polynomial-based model with a reduced number of coefficients is deducted, in such a way that can be directly used for optimal power flow (OPF) studies. The accuracy of the proposed model is characterized by an absolute relative error, at the worst scenario, approximately equal to 3%.
Introduction
Over the past years, it is being witnessed the worldwide energy demand increase and the expansion of the transmission networks, putting at risk the security of energy supply to the consumers.
Those premises are some of many foundations that are driving the research in a broad range of the electrical engineering fields, namely on the energy generation and transmission sectors. In this vision, the high-voltage dc (HVdc) transmission is being pointed as one possible key-point breakthrough.
its high number of levels, requiring less ac filters than the previous VSC-HVdc solutions [3, 6] . Its modularity is achieved by the series connection of individual components called submodules (SM).
Several SM power structures are found in the literature with one or more energy storage devices [7] .
In opposition to the three previous VSC-HVdc generations which embraced the series connection of IGBTs, the MMC based projects have a series of connection of SM which allow to synthesize a multilevel voltage waveform at its output.
A transversal research question to the current VSC-HVdc solution is its efficiency. Depending on the SM structure there are qualitative and quantitative assessments that characterize them [7, 8] . Highlighting the half-bridge SM structure, which is until now the most efficient [9] , is being investigated by several authors in nominal power conditions [10] [11] [12] . References [10] and [11] estimates the MMC generated losses at the converter nominal active/reactive power flow ratio conditions, in conjunction to a capacitor voltage ranking and selection algorithm. Reference [11] compares the converter efficiency driven by a broad range of modulation techniques, under nominal power flow conditions. On the other hand, the reference [12] determines converter losses at nominal conditions either with unity or zero power factor. However, there is a lack of information of the converter efficiency whenever it operates below its rated conditions. Nowadays, the multi-terminal onshore and offshore dc grids schemes are a reality for power transmission [13] [14] [15] [16] [17] . The overall efficiency of the power transmission scheme has a relevant impact from the converter insight, whose efficiency, varies according to the load stress. Therefore, to properly introduce the converter losses into the optimal power flow (OPF) system studies, an accurate analytic calculation of the losses for an MMC must be used. As a result, the goal of this paper is to provide a methodology that can be followed to deduce a mathematical and continuousbased model that can describe the semiconductor's power losses of a grid-tied MMC. The outcome of this methodology are the coefficients that define the polynomial-based expression that can estimate the power losses produced by the semiconductors of the MMC. Moreover, the expression is characterized by a reduced number of constants and it has a straightforward application to the OPF studies. its limits with unity power factor and its efficiency is also adjusted according to the switching frequency selected for the converter. The second part focuses on the converter efficiency when it operates, also below the nominal conditions, but exchanges active and reactive power with the electrical grid, with constant switching frequency. In Section 2 it is pointed the converter operation and its impact on the converter efficiency. The Section 3 describes the methodology adopted to estimate the converter efficiency. Later on the Section 4, it presents the inference used in getting the aforementioned models. Finally, the closing remarks are formalized in Section 5.
Modular Multilevel Converter

Topology
The three-phase MMC sketch is presented in Figure 1 . Each phase unit is composed by two stacks of N individual low-voltage-rated power converters designated as cells or submodules (SM).
The power converter is composed by a chopper and an energy storage device, typically a capacitor C. The upper (S 1 jki ) and lower (S 2 jki ) switches of the half-bridge converter are complementary closed to manage the SM states by means of the cell control signal S jki . The enforcement of the control signal as S jki =1 closes the upper switch and connects the correspondent charged capacitor U c jki to the SM terminals U jki . Forcing the control signal S jki to zero, the lower switch bypasses the SM output which removes the capacitor from the arm current path and U jki equals zero (1) .
The SM states are regulated to impose particular voltages on the arm stacks u jk (2 
The three MMC legs are connected in parallel on the dc side. The energy storage deviation between each leg originates the flow of electrical currents between them, which are limited by the arm inductors L. On the other hand, the ac bus of the converter is decoupled from the ac network by a transformer, modeled by its leakage reactance and then represented as an inductor L g . The parasitic resistive components of both inductors are represented as R.
Converter Operation
In HVdc-based applications there are hundreds of submodules placed in each stack [18] . Although the number of active cells in each stack is varied to shape an ac voltage waveform, the number of active SM in each phase unit must withstand the dc voltage, due to the fact that the each converter leg is connected in parallel to the dc link. In this way, the number of active SM in each phase unit stays a relatively constant. For a grid-tied inverter, at steady-state and normal operation, the power incoming from the dc transmission line is divided equally on the three legs of the converter which globally charges the energy stored on the converter. Therefore, the arm voltages are then managed to control the grid currents i j at the point of common coupling (PCC) and the inner differential currents i dif fj in order to balance the energy storage distribution inside the converter. Adopting direction of the grid-side and the internal currents presented in the functional MMC circuit of the Figure 2 , the arm currents i jk are defined as: The converter dynamics are modeled according to the KVL applied to the converter arms (5) .
where u j is the voltage of the mid-point between the two stacks and is given by (6) .
The subtraction of the equation system (5) retrieves the dynamics of the internal currents of the converter in respect to the arm voltages as (7) .
The control of the voltage drop on the two phase unit's impedances is embraced to regulate the converter internal currents i dif fj , being used to cancel the energy deviation between the converter arms and legs [19] . The Figure 3 illustrates the internal current dynamics. Regulating the mean value of (u jU + u jL ) handles the mean current value of the differential current i dif f and globally charges or discharges the energy stored on the correspondent phase unit according to the current direction [19] . Moreover, an alternate voltage drop on the two arm impedances is used to equalize the energy storage of the upper and lower arms [19] .
On its turn, by adding the equation system (5), the interactions between the converter output voltage e j and the ac grid voltage u g j are modeled as (8) .
where: The regulation of the converter stacks and, accordingly, the converter output voltage e j addresses the electrical current control at PCC, as illustrated in Figure 4 . The amplitude and phase of the converter output voltage establishes the active and reactive power flow between the converter and the network, over the four power quadrants defined in Figure 5 . To synthesize the same line-to-line voltage at the converter output with a lower number of active SM on the stacks, the homopolar third harmonic THI(t) depicted in (10) was aggregated to the converter's output voltage e * j [11, 20, 21] .
Solving (7) and (8) to the arm voltages u jk , is obtained the proportion of the e j and u dif fj on the arm voltages. Grid current controllers, as also the inner current controllers, respectively demand the correspondent set-points e * j and u * dif fj being then used to determine the arm voltages reference as:
Analyzing the equations (7), (8) and (11), as long as the converter is not saturated, it is noticeable that the dynamics of the ac and dc-sides of the converter are decoupled and independently controlled. The subsequent action to the definition of the stack voltage set-point u * jk is the selection of the N jk cells to become active. This procedure not only follows the reference u * jk , but also maintains the energy distribution of the cells controlled and within its limits. To perform this task, the stack voltage set-point is normalized (12) and the N * jk most suitable cells (13) are selected to become active, resulting then the arm voltages illustrated in Figure 6 . (14) , which, along with the arm current circulation, leads to several harmonic components of the cell's voltage sum ripple (15) [22] .
Focusing on the upper stacks and replacing (4), (11) and (12) into (15) it is obtained the expression that describes the harmonic content of the cell's voltage sum and the correspondent arm operating conditions in (16) . Considering that the converter is at steady-state mode and the arm's energy is equally balanced, there is no current flowing between the converter legs, and i dif fj is reduced to one third of the dc transmission current. In this vision, and neglecting the parasitic resistance of the arm inductors, the expression of the voltage ripple in U Σ jU is simplified to (17) .
The eq. (17) shows that the magnitude and phase of i j (t) and e j (t), namely the magnitude of the active and reactive power flow at PCC, has a significant impact on the harmonic content and its amplitudes on U Σ jk , and accordingly on the individual capacitor voltages U c jki . As a consequence, the power flow conditions of the MMC impacts the voltage ripple of its capacitors and, consequently, the average switching frequency of the semiconductors will be also affected, as explained in the Section 2.4.
Cell selection
As the converter is characterized by the series connection of independent SMs, several combinations of their states can be used to build the demanded arm voltages u * jk (t). By managing the state of the i th cell S jki (defined in the Figure 1 and/ or within the limits [23] . Hence, the selective control of the SMs must be done accordingly to the stack operating point and their individual voltages [6] . Several selective control algorithms of the cells have been proposed in the literature with different characteristics [6, [23] [24] [25] . The reference [11] presents and experimentally validates the selection strategy named CTBsort which balances the energy of the stack cells and maintains the correspondent voltages below the imposed limits. Due to its promising performance, the CTBsort cell selection method was adopted for this study. In this method, as long as the capacitor voltages U c jki remain inside the voltage range defined by V max and V min (18) , the sorted list L of capacitor voltages is not updated [11] .
where δ is a constant that defines the voltage band around the capacitor's nominal voltage U nom .
Once at least one cell hits the voltage limits defined by V max and V min , the ranking list of the correspondent stack is updated in the ascending (descending) order in case that the arm current is positive (negative). As a consequence, once the capacitors that have their voltage limits violated 1 , they will be forced to swap [11] . As the voltage range defined by δ is reduced, more often the capacitor voltages hit their limits and, as a result, the cells are more often replaced. Then, it is concluded that the voltage range defined by δ directly impacts the MMC switching frequency.
Semiconductor's power losses model deduction
According to the MMC nature, the fact of being composed of individual elements connected in series, the number of active cells N jk in a given instant depends on the reference created by 1 The voltage limits Vmax and V min are defined in accordance with δ (18).
the converter control method N * jk . Thus, it can be said that the number of devices in series at a particular time does not depend on cell selection method, as long as, the adopted method is capable to insert the required number of SMs in the chain (19) . So, if at each particular operating point (19) is verified, the number of semiconductors in the on-state mode will remain equal for any strategy adopted to select the cells, quantifying then the same on-state losses.
The cell selection methods solely impact on the energy distribution among the capacitors in the jk arm and hence on the converter's average switching frequency, as depicted in Figure 8 . limitations [7, 20, 26, 27] . Therefore, as it will be reinforced later, the capacitor voltage limits were varied, by means of δ, in order to achieve this fixed commutation ratio. Depending on the MMC operating conditions, the proper losses model should be selected.
The procedure used to deduct a generic expression that can represent the converter losses was structured in three distinct stages. The first stage is characterized by simulating and recording the outcome data, considering the converter operation with ideal switches inside the cells, further explained in Section 3.1. Consequently, the acknowledged data was used to calculate the semiconductors generated losses in offline mode, which is discussed in Section 3.2. Finally, the inference of the mathematical model is accomplished in Section 4.
Simulation data extraction
The point-to-point HVdc transmission line of the INELFE project [28, 29] , illustrated in Figure   9 , was embraced in this work to assess the MMC efficiency. The two HVdc-link terminals have the same characteristics presented in the table 1, however, differently controlled. The MMC-1
terminal was controlled as a current source which injects (absorbs) into (from) the dc transmission to 640 kV, as well as, the nominal energy storage on the converter stacks. Moreover, MMC-2 is able to control the reactive power that flows between the converter and the network 2, as a consequence of the desired set-point Q * M M C−2 . By handling the active and reactive power flow references in both HVdc terminals with the control scheme presented in [19] , the efficiency of the MMC-2 was analyzed in two independent situations. First, the set point Q * M M C−2 was left equal to zero, whereas P * M M C−1 and δ was being changed, further detailed in section 3.1.1. On the next case study, explained in section 3.1.2, the voltage limits of the sorting algorithm were varied in order to find, for each combination of P * M M C−1 and Q * M M C−2 , the average switching frequency of 150 Hz, as previously argued.
Unity power factor condition
In order to obtain the converter's efficiency whenever it operates with unity power factor The procedure adopted to extract the simulation data for the unity power factor condition is illustrated in the Figure 10 and the Algorithm 1. For each particular combination of (P * M M C−1 , Q * M M C−2 = 0, δ), the data resultant from the simulation was recorded in an individual file to be processed later. The simulation data recorded by the algorithm 1 is based on the system parameters that feed the "MMC model & control" stage, as well as, the methodology followed to modulate the voltages across the converter arms (nature of the ZSS and selective control of the capacitors.
Fixed switching frequency
Due Once the suitable value of f sw was found, a new data file was created with the simulation data, to be later processed. The simulation data recorded by the algorithm 2 is based on the system parameters that feed the "MMC model & control" stage, the switching frequency f search intended, as well as, the methodology followed to modulate the voltages across the converter arms (nature of the ZSS and selective control of the capacitors.
Quantification of the semiconductors power losses
Several methods to estimate the semiconductor' power losses have been proposed [36] [37] [38] [39] [40] . The methodology followed was proposed by the MMC's manufacturer Siemens AG [36] , and it is being widely used since then [12, 25, 26, 41] . The method embraced estimate the semiconductor's power losses in respect to the simulation results and the characteristics of a particular semiconductor model [36] .
The quantification of the losses generated is dependent on the semiconductor device adopted.
Considering the HVdc transmission link presented, the average voltage of the cells is 1.6kV and for i=1:length(Svals) do 8:
for j=1:length(δvals) do 9:
Simulate MMC-HVDC transmission with: 10:
vmax ← (1 + δvals(j)) U nom 13:
vmin ← (1 − δvals(j)) U nom 14:
Create file and save results
15:
end for 16:
end for 17: end procedure this value fluctuates accordingly with the flowing power (≈ ±10% for nominal power and cosφ=1).
In case of a failure occurrence in a particular cell and consequently bypassed by a contactor, the energy that was being stored is divided by the remaining cells of the correspondent stack [42] .
In this vision, and to ensure the converter operation with faulted devices, the authors strongly believe that the semiconductors must be overrated, although they are operated with lower blocking voltages in normal operating conditions. Therefore, the state of the art semiconductor model ABB-5SNA2000K450300 (4.5kV / 2kA device) seems to be a viable option to quantify the losses generated by the MMC-2 case study [43] .
On-state losses
The conducting losses of the semiconductors are affected by several phenomenons as the device's junction temperature (T j ), the voltage drop at the devices terminals (IGBTs: U CEsat / diodes U F ), the operating currents (IGBTs:i CE / diodes i F ) and, in case of IGBTs, the driver circuitry voltage (U g ). The average on-state losses of the IGBTs (P con T ) and the diodes (P con D ) over a grid period ([t s , T s ]) are given by (20) and (21) respectively [36] . 
for j=1:length(P vals) do 10:
13:
for k=1:length(δvals) do 14:
Simulate MMC-HVDC with:
Analysis Post simulation (k ):
19:
f sw ← Calculate avg.fsw 20:
Save δvals(k)
22:
Save simulated data in new file 23:
Proceed to next j 24:
end if 25:
end for 26:
Save δvals(k) w/ closest f sw(k) 28:
end if 29:
end for 30:
end for 31: end procedure
The oscillation of the junction temperatures over the different operating conditions and the voltage amplitude variation on the gating circuitry were not considered (
The non linear relation between IGBT's saturation voltage and the diode's forward voltage with the correspondent flowing currents, was fitted from the manufacturer component data (22) , and illustrated in Figure 12 (a). 
Switching losses
During a switching event of a semiconductor, due to its non-zero time interval, some energy is dissipated. The required time that the semiconductors need to commute has a nonlinear relation with the electrical current that is flowing on the correspondent instant. For the presented device, its characteristics were obtained from the component's data-sheet (23) , and illustrated in Figure   12 (b).
At each commutation event, the energy lost on the correspondent semiconductor is estimated accordingly to the switched current as (23) and linearly corrected according to the voltage at the device's terminals as (24) [36] .
where the i CE (t β )/ i CE (t γ ) are the switched currents and U CE (t β )/ U CE (t γ ) are the voltages at the IGBT terminals at the β/ γ triggering/ blocking events.
MMC generated losses model
The procedure presented to deduct an expression that defines the semiconductor's losses model of the converter is addressed in section 4.1 for the unity power factor operation and section 4.2 for the fixed switching frequency operation. 
MMC efficiency -Unity power factor condition
After executing the Algorithm 1 and computing the semiconductors generated losses from its outcome data, the converter losses in respect to the active power flow (unity power factor) and the average SM switching frequency emerged and are illustrated in Figure 13 and 14 for the inverter and rectifier operation modes, respectively.
First should be emphasized that at steady-state service the SMs are globally characterized by its reduced switching frequency. For the P > 0.5 pu, as the trend of Figure 14 evidences, if the voltage range of the cells is increased, the average switching frequency of the switches will be further reduced. There is a trade-off between the maximum voltage allowed on the SMs and the switching frequency which is not explored in this work. However the maximum voltage allowed of 15% in this study is considered to be an acceptable and realistic value. Whenever the converter stress is below 0.2 pu, the cell selection algorithm has residual impact on the switching frequency and therefore on the generated losses, being nearly constant.
The combination between the SMs average switching frequency f sw and the semiconductor's losses P loss of Figure 13 Figure 15 : Illustration of the relation: (a) P loss vs. fsw (P= 1 pu) and (b) P loss vs. P f low (fsw= 100 Hz).
losses vs active power flow (yellow circles for f sw = 100 Hz) in the Figure 15(b) . These two individual relations were used to deduce the mathematical model P loss (f sw , P f low ), in such a way that depending on the combination of (f sw , P f low ) used, the semiconductor losses estimation is obtained.
Inasmuch as the grid power flow is 1 GW, as also for other scenarios, according to Fig. 15(a) , the P loss vs f sw data can be comparable to a cubic progression. Likewise, fixing the SMs switching frequency to 100 Hz, as illustrated in Fig. 15(b) , the converter total losses can be resembled in a quadratic form with the flowing power. Assuming those relations as the most accurate, the generated losses of the MMC can be predicted according to the generic expression (25) , either resumed to a third order polynomial relation if P f low is remained constant or to a second-order polynomial for a particular f sw value.
The Levenberg-Marquardt optimization algorithm was used to determine the values of the coefficients (a γ , b γ , c γ , d γ ) (γ ∈ {1, 2, 3}) that minimizes the sum of absolute deviations (LAD) (26) between the P loss (f sw , P f low ) model (25) and the data of Figures 13(c) and 14(c) [44] . The parameters found are presented in table 2. Moreover, the matching models for the inverter and rectifier modes are illustrated in Figure 16 and 17 respectively.
As illustrated, the resultant model P loss (f sw , P f low ) has a good accuracy on the corresponding domain, in which the presented parameters were optimized. For sake of clarity and according to the proposed model, if the converter is injecting 1 GW in the ac grid and the capacitors are being rotated with a 200 Hz cadence (see Figure 16(b) ), in respect to the base value depicted in the table (S base = 1 GVA), the power losses estimation is given by (27) .
In this view, on the presented operating conditions, the mathematical model estimates that the MMC semiconductor's are dissipating 7.6 MW/0.0076 pu of power losses, which is corroborated in the Figure 16(b) .
Generally, the absolute relative error is below 3%, however, for P = 0.1 pu (rectifier mode), the model retrieves residual values up to 5%. This occurs because there is a slightly offset between the model and the corresponding data set. Under these circumstances, the converter dissipates ≈ 450kW and, if the model conceives a 5% deviation, has a residual impact on the final estimation ≈ 23 kW, which is acceptable.
MMC efficiency -Four P/Q power quadrants
Once implemented the algorithm Algorithm 2, and found the δ values which, for each combination of active and reactive power, retrieves the SMs average switching frequency of 150 Hz, the semiconductor losses were estimated. The MMC losses over the four {P, Q} quadrants are shown in Figure 18 . The left-sided graphs show the average switching frequency (≈ 150 Hz) and the capacitor's voltage range for each apparent power flow conditions (S in GVA) of the converter (represented in different colors). As the apparent power magnitude is reduced, the correspondent voltage ranges are becoming more concentrated around a particular δ point. On the second axis, are presented the generated losses in respect to the apparent power magnitude for different {P, Q} combinations. For the same S, the fact that the active power is being changed means that the reactive power is being appropriately modified to equalize the referred the apparent power flow conditions. As the electrical current amplitude is reduced, the stress of the semiconductor is also scaled down, which dissipates less energy over the time. Furthermore, the MMC operation in the rectifier mode, characterized by the quadrants two and three, is more efficient than the inverter mode. This occurs due to the fact that the average number of conducting diodes over a grid period is larger than the IGBTs, and the non-controllable devices have a lower on-state voltage, which generates less losses.
The aforementioned methodology to deduct either the generic expression, as well as, its parameters to describe the losses model P loss in respect to the combination (S f low , P f low , f sw ≈ 150
Hz) was again carried out. The power losses retrieved by the MMC on the power quadrant 2 that is illustrated in the Figure 18 (b) were reconsidered in the Figure 19 . Then, it was emphasized by means of the yellow circles the relation between the semiconductor power losses vs active power flow (yellow circles for S f low = 1 GVA) in the Figure 19 (a), as well as, the semiconductor power losses vs apparent power flow (yellow circles for P f low = 0.1 GW) in the Figure 19 (b). These two individual relations were used to deduce the mathematical model P loss (S f low , P f low ) over the four power quadrants of operation. Further, as the Figure 19(a) illustrates, for the constant value of S f low presented, the losses retrieved by the {P, Q} ratio is efficiently modeled as a cubic expression. In opposition, as shown in the Figure 19 (a), for the same active power flow of 0.1 GW, the semiconductor power losses vs. the apparent power flow P loss (S f low ) is competently modeled as a quadratic expression. Thereby, the P loss (S f low , P f low ) outcome is depicted as:
The Levenberg-Marquardt optimization algorithm was again used to determine the values of the coefficients (a γ , b γ , c γ , d γ ) (γ ∈ {1, 2, 3}) which best characterizes the MMC efficiency over the four power quadrants [44] . According to the model formulation, logically, the independent variables P and S have intrinsic limits which validates the conferred model, such as: The P f low must be inward the interval defined by [0.1S f low , ..., S f low ] GW. Therefore P f low ≤ S f low and P f low ≥ 0.1S f low .
The clusters of coefficients for the four power quadrants (Q1, Q2, Q3 and Q4), in order to be directly used on the OPF studies, they were transformed in the per-unit pu system and they are presented in the Table 3 Figure 19 : Illustration of the relation: (a) P loss vs. P f low (S f low = 1 pu) and (b) P loss vs. S f low (P f low = 0.1 pu).
Power quadrants (see Figure 5) exchanging 0.5 GW/ 0.33 Gvar (inductive) from its ac grid, the converter is accordingly operating on the second power quadrant (see Figure 5) . Then, the group of constants of the power quadrant 2
should be embraced to estimate the power losses generated by the MMC's semiconductors. Then, in respect to the base value depicted in the table (S base = 1 GVA), the power losses estimation is given by (29) . that occurs for the converter operation in the rectifier mode with S=0.1 GVA and P=0.1 GW (quadrant 2), the semiconductor's power losses is roughly 0.76 MW, whereas the model estimate 0.7 MW. Hence, the 8.2 % refers to a deviation of only 60 kW. Although, the deviation is relatively high, since it refers to very low power flow scenarios, under these circumstances, the relative error that characterizes the converter operation is considered to be tolerable.
Conclusion
In the present days, the multi-terminal HVdc grids are a viable solution to transport energy to remote and/or distant areas. The operation of such grids and their efficiency depends, among other things, on the converter terminals knowledge. This work presents a methodology that can be followed to model the semiconductor's power losses of the MMC and endorse the OPF studies with accurate models.
The power losses generated by the modular multilevel converter is strongly dependent on the system parameters used for the converter model and the methodology followed to modulate the voltages across its arms, particularly on the nature of the ZSS injected and the cell selection strategy adopted. Therefore, by electing a state of the art MMC selective control of the cells and accordingly a modern estimation method to quantify the semiconductors losses, the converter efficiency was modeled according to two operating scenarios. The active power exchange with the electrical grid, over a considerable switching frequencies range was taken into account as the first scenario. A polynomial-based expression, whose parameters were optimized according to the Levenberg-Marquardt method, was proposed to describe the converter losses generation P loss when it operates between 0.1 to 1 GW (unity power factor) P f low , and accordingly to the switching frequency selected f sw , resulting the P loss (f sw , P f low ) model. Moreover, at the second stage, several combinations of {P, Q} were considered, nonetheless, maintaining the average switching frequency of the converter cells fixed to the 150 Hz value, which accordingly to the literature is the typical switching frequency of the SMs in real applications. Then, a second polynomial-based expression was described and proposed to outline the converter efficiency over the power quadrants defined by the direction of {P, Q}. The resultant models, as presented, can accurately match the converter losses with the maximum absolute error ≤ 3%, which is an exceptional estimator of the power losses produced by the modular multilevel converter.
